The circular jet flows generated by a piezoelectric disk were studied experimentally. The velocity distributions were measured using a single hot-wire anemometer, and the effects of the oscillatory flow conditions though a circular orifice were examined. The effects of the dimensionless stroke and Reynolds number of the oscillatory flow on the synthetic jet flows were examined. The stroke was the length of the fluid ejected in an oscillatory cycle and non-dimensionalised by the orifice diameter. The mean velocity distributions were examined for a dimensionless stroke range of 0.60-2.40 with a constant Reynolds number (Re) of 2700. The stroke was found to have a remarkable effect on the streamwise variation in the jet centerline velocity and jet width. As the stroke was increased, the starting point of the jet growth was shifted downstream. This change is discussed by examining the instantaneous velocity signals and attributes in relation to the change in the collapse of vortex rings emitted from the orifice. The momentum of the synthetic jet increased sharply above a critical stroke for the jet formation, and seemed to be saturated for strokes longer than the orifice diameter. The flow field was also examined for a Re range of 1900-3000 with a constant dimensionless stroke of 1.02. In the Re range studied, no significant changes in the jet flows were observed.
Introduction
Synthetic jets have attracted much attention in recent years because of their potential for flow separation control (Glezer and Amitay, 2002; Gilarranz and Rediniotis, 2001) , flow vectoring (Smith and Glezer, 2002) and mixing enhancement (Davis and Glezer, 1999; Koso, 2005; . A synthetic jet is an outward flow produced by an oscillatory flow with a zero-mean velocity through an orifice. A typical synthetic jet actuator consists of an orifice, a cavity, and a vibrating boundary such as a piezoelectric diaphragm disk, as illustrated in Fig. 1 . As the piezo-disk vibrates, the volume of the cavity changes and an oscillatory flow through the orifice is generated. When the amplitude of the oscillatory flow is larger than a critical value, a vortex ring is generated at the edge of the orifice during the expulsion phase of a cycle and moves away from the orifice by the self-induced velocity of the vortex ring. As the cycle is repeated, an array of vortex rings is formed outside the orifice and induces a mean jet flow called "synthetic jet", in a sense being synthesised from the surrounding fluids. The synthetic jet actuator requires no fluid source and converts the electric energy directly to fluid momentum.
There have been many studies on flow control using synthetic jets. However, there have been relatively few studies on the flow characteristics of synthetic jets. To use the actuator as a flow control device, it is desirable to reveal the characteristics of synthetic jets in detail.
The early experiments by Mallinson et al. (1999) revealed that a synthetic jet from a circular orifice resembles a continuous turbulent round jet, except it forms more rapidly. Müller et al. (2001) measured the thrust of circular synthetic jets and found that the jet flow is determined by the stroke, which is defined as the length of the fluid ejected during the e showed that phase, where faster spread matching jet their spreadin
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The According to the dimensional analysis, the flow is governed by two independent dimensionless parameters. The candidates for these parameters are the Reynolds number, dimensionless stroke, Strouhal number, and Stokes number, which are defined as follows. These two parameters have been used in many synthetic jet studies with different velocity scales. The velocity scales used in the previous studies were L f s (Smith and Swift, 2003) , which was half of the average velocity during the expulsion phase, and 2L f s (Shuster and Smith, 2007) , which was the average velocity during the expulsion phase. The rms velocity was also used by Cater and Soria (2002) , although they defined it as the average rms velocity over the orifice area. These velocity scales are easily converted to each other such as u s ' = (π/ 2 ) L f s , but care should be taken because the value of the Reynolds number depends on the velocity scale used.
Experimental apparatus 3.1 Synthetic jet actuators
The experiments were carried out in air at ambient pressure and temperature. Figure 2 shows a schematic view of a circular synthetic jet actuator. Figure 2 (a) is a cross section of the actuator and figure 2(b) is a front view of the actuator. The synthetic jet actuator consisted of a circular orifice, an enclosed cavity, and a piezoelectric disk. The circular orifice had a straight hole with diameter d of 5.0 mm in a 0.8-mm-thick stainless steel plate.
To cover a wide stroke range, two actuators with different piezoelectric disks were used. A unimorph piezoelectric disk (Murata 7NB-31R2-1) was used in actuator 1. This piezoelectric disk consisted of a circular piezoceramic patch bonded to a thin iron-nickel diaphragm. The diameter and thickness of the diaphragm were 31.2 and 0.1 mm, respectively. A bimorph piezoelectric disk (Projects Unlimited, AB4113B) was used in actuator 2. This piezoelectric disk consisted of circular piezoceramic patches bonded to both side of a thin brass diaphragm. The diameter and thickness of the diaphragm were 41.0 and 0.1 mm, respectively. The circular orifices were identical for both actuators.
The streamwise coordinate x was measured from the outer surface of the orifice plate, and the radial coordinate y was measured from the centreline of the orifice, as shown in Fig. 2(a) . sured using a 60-T1.5) with is hot-wire pr ty u were mea r was filtered n was 9.6 s. T ed over the sa e rms velocity y was measure o. After the ho cisely derived he lower ones were Helmho tage. Thus, ea tuators (with 
Experimental conditions
The dimensionless stroke and Reynolds number were varied independently, with a fixed orifice diameter. The dimensionless stroke L/d was varied from 0.6 to 2.4 with a constant Reynolds number of Re = 2700 as listed in Table 1 . The rms velocities were kept nearly the same, and the frequencies were changed. This stroke range was chosen to exceed the critical stroke of L/d = 0.5 for the formation of a circular synthetic jet. The rms velocities and frequencies under these conditions are plotted using red symbols in Fig.4 . Actuator 1 was used for the higher frequency conditions, and actuator 2 was used for the lower frequency conditions.
The effect of the Reynolds number on the synthetic jet was studied for a dimensionless stroke of L/d = 1.02. The Reynolds number was varied from 1900 to 3000, as listed in Table 2 . To keep the stroke constant, the frequency was varied to be proportional to the rms velocity, as plotted by the blue symbols in Fig. 4 . Table 1 Experimental conditions (Re = 2700). Table 2 Experimental conditions (L/d =1.02). Figure 5 shows the mean velocity profiles of four synthetic jets with different strokes of L/d = 2.40, 1.20, 0.90, and 0.60, and a Reynolds number Re = 2700. For comparison with a continuous turbulent jet, the figure includes the profile of a continuous turbulent jet that issued from an orifice with a diameter of 5 mm. For all the cases, the typical jet flow profiles were formed near the orifice, and after the subsequent changes, the velocity profiles resembled the continuous turbulent jet shown in Fig. 5(e) . In the synthetic jet cases, the velocities just outside of the orifice are not presented because the flows in that region contain instantaneous reverse flows, and such velocities cannot be measured precisely using a hot-wire anemometer.
Effect of dimensionless stroke 4.1 Mean velocity field of synthetic jets
The synthetic jets of L/d = 2.40, 1.20, and 0.90 showed roughly the same jet flow, but the synthetic jet of L/d = 0.60 generated an apparently weak flow. A detailed comparison between the three synthetic jets of L/d = 2.40, 1.20, and 0.90 revealed that near the orifice (at x = 10 mm), the synthetic jet of L/d = 0.9 had a higher velocity and narrower profile than the other strokes. At x = 50 mm, the centreline velocity of L/d = 2.4 was the largest, with a value that was double that of L/d = 1.20. Thus, the four synthetic jets showed different evolutions from each other, even though they were driven by the same rms velocity. Figure 6 shows the fluctuations in the velocity of the synthetic jets and continuous jet. The fluctuation velocity profiles of the synthetic jets were different from that of the continuous jet, especially near the orifice. The profile of the continuous jet had peaks downstream of the orifice rim as a result of the turbulence generated by the mean velocity gradient. In contrast, the profiles of the synthetic jets had no peaks at the orifice rim and resembled the mean velocity profiles. This suggests that the fluctuation velocities of the synthetic jets near the orifice were caused mainly by the oscillating flows from the orifice. Figure 7 shows the decay of the maximum velocity m u along the jet axis. The velocity was non-dimensionalised by the rms velocity u s ', which was nearly the same for all the jets, and with u s '  7.9m/s. The decay curves of the maximum velocity depended strongly on the stroke. The decay of the maximum velocity for L/d = 0.60 started at the ). In the ca were observe in Fig. 12(c 
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To evalu profiles as fo where  is th 1.5d 0.5 , wher because there Figure 1 turbulent flow. Consequently, the synthetic jet flow field can be divided into an initial region, an expanding region and a developed region. The initial region is characterised by successive vortex rings emitted from the orifice. The expanding region is characterised by collapsing vortices. The developed region is characterised by a fully turbulent flow. The boundaries of these regions move downstream as the stroke is increased. The effect of the stroke on the jet flow can be summarised by saying that a longer stroke tends to delay the evolution of the synthetic jet in downstream direction.
The effect of the dimensionless stroke on the momentum of a synthetic jet was examined. It was found that the jet momentum increased sharply with increasing stroke above the critical stroke (L/d = 0.5), but seemed to be saturated for the longer strokes (L/d ≥ 1.2). The average momentum flux calculated using only the expulsion velocity through the orifice was found to be a good estimate for the momentum of a circular synthetic jet for the stroke L/d ≥ 1.
The effect of the Reynolds number on the jet flow was examined for Reynolds numbers Re = 1900, 2300, 2700, and 3000, with a constant dimensionless stroke of L/d = 1.02. No significant effects on the jet evolution and momentum flux were observed. This may have been due to the relatively narrow range of the Reynolds numbers, where the generated vortex rings were laminar for all the conditions.
